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We report a possible occurrence of horizontal roll vortices over the Adriatic Sea during
the bora wind. The National Center for Atmospheric Research Electra aircraft measured
the turbulence structure above the Adriatic on 07 November 1999 during the Mesoscale
Alpine Program. The data indicate that horizontal roll vortices are generated by the strong
cold-air outbreak associated with bora. The rolls have a horizontal wavelength of about
1 km and an aspect ratio of approximately 1.5. There is no indication of the presence
of cloud streets typically associated with the rolls, which is a consequence of the dry air
advection in the lower troposphere resulting from the downslope flow.
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Introduction
The bora wind has been studied for decades bymany researchers (for a recent review, see Grisogono
and Belušic´, 2009). It is a canonical example of a downslope windstorm that is generated by flow
over an almost two-dimensional mountain. The Dinaric Alps is a mountain range that extends
along the eastern coast of the Adriatic Sea and forms a long barrier that forces the impinging cold
north-easterly flow to rise and, to a first approximation, follow a typical two-dimensional hydraulic-
like bora flow structure. This is particularly evident for the northern Adriatic bora, which is one of
the first real flows that was characterized to a large extent using hydraulic theory of downslope
windstorms (Smith, 1985, 1987).
Bora is most frequent in winter and at some locations blows more than 100 days per year (e.g.,
Yoshino, 1976). A number of complexities arise because of the terrain inhomogeneity, particularly
the mountain gaps and peaks along the Dinaric Alps. The major gaps and peaks result in the
formation of bora jets and wakes, respectively (e.g., Jiang and Doyle, 2005; Belušic´ and Klaic´, 2006;
Signell et al., 2010), which are then related to potential vorticity banners (e.g., Grubišic´, 2004) and
varying turbulence structure (Vecˇenaj et al., 2012). A number of other features appear within the
bora flow, such as lee rotors of different types (e.g., Gohm et al., 2008; Prtenjak and Belušic´, 2009;
Stiperski et al., 2012) and quasi-periodic pulsations (e.g., Belušic´ et al., 2007), but they mostly do
not extend far over the sea.
Regardless of the large body of bora research studies, the possibility of occurrence of horizontal
roll vortices in the bora flow has never been considered. This is rather surprising, since boras are
usually strong and relatively cold winds that blow over the warmer Adriatic Sea, creating well-
known conditions for generating roll vortices (e.g., Kelly, 1982; Atlas and Chou, 1983; Walter and
Overland, 1984; Brummer, 1999). The most likely reason for this omission is in that the ubiquitous
cloud streets associated with rolls do not seem to occur during bora.
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Horizontal rolls are elongated quasi-two-dimensional vortices
appearing in the convective atmospheric boundary layer (ABL)
(e.g., LeMone, 1973). While they are usually recognized as
cloud streets, particularly in satellite imagery (e.g., Young et al.,
2002), they have been observed in clear air as well (e.g.,
Konrad, 1970; Kelly, 1984). They vertically extend to the top
of the ABL and their horizontal wavelengths are typically more
than two times larger than their vertical size, i.e., their aspect
ratio (wavelength/ABL height) is two or larger. The rolls are
frequently associated with cold-air outbreaks (e.g., Melfi and
Palm, 2012), although they can be generated by a number
of mechanisms, including inflection point instability, parallel
instability, convective instability and interaction with gravity
waves aloft (Etling and Brown, 1993).
Here, we present aircraft observations above the Adriatic Sea
that suggest the existence of horizontal roll vortices in bora. We
focus on a single bora episode observed during the Mesoscale
Alpine Program (MAP) in 1999 (Bougeault et al., 2001).
Data
The aircraft data over the Adriatic Sea were collected on 7
November 1999 during the MAP Intensive Observation Period
15 (e.g., Bougeault et al., 2001). This was a cyclonic bora
case topped by a temperature inversion and a critical level
in the upstream wind profile, indicating a shallow bora flow,
and one of the stronger and more persistent boras on record
(Klaic´ et al., 2003; Grubišic´, 2004). The U. S. National Center
for Atmospheric Research (NCAR) Electra aircraft flew three
vertically stacked straight and level flight legs from 1347 to
1539 UTC (Figure 1, Table 1). The legs were ∼216 km long and
oriented approximately perpendicular to themean bora direction
(e.g., Grubišic´, 2004). Six dropsondes were released successfully
from approximately 4200m above sea level (ASL) along the first
flight leg. The aircraft mean speed was 100ms−1 and the data
were sampled at a frequency of 25Hz. In order to avoid noise at
high frequencies, the aircraft data were block-averaged to 5Hz
prior to the analyses. Further details about the data are given
in Vecˇenaj et al. (2012). As a result of the persistence of this
bora case, the flow conditions may to a good approximation be
considered stationary during the 2 h period spanning the three
flight legs (Klaic´ et al., 2003; Grubišic´, 2004). The analysis of
numerical model results corroborates this conclusion (Vecˇenaj
et al., 2012).
A right-handed orthogonal coordinate system is chosen with
the positive x-axis aligned perpendicular to the flight direction
pointing toward the south-west, which is approximately parallel
to the mean bora flow. If there are rolls, the x-axis also lies
approximately along the roll axis.
Results
Figure 2 shows the wind components for the lower ABL flight leg
(370m ASL). A region with increased variability occurs around
45◦N, where nearly regular oscillations seem to occur at scales of
about 1 km (Figure 2B).
FIGURE 1 | Wind vectors averaged over 1.6 km along the lower ABL
flight leg (370m ASL) with the release positions of successful
dropsondes (S1–S7) indicated. Reference wind vector is shown in the top
left corner, while the orientation of the coordinate system is denoted in the
bottom right corner. The local topography is shaded.
Spectral analysis reveals peaks in the wind component spectra
centered at 1 km, at several locations along the two lower
flight legs (Figure 3). The dominant peak is evident in all wind
components and at both heights for the segment chosen for the
analysis (44.90–45.05◦N). The strength and consistency of this
peak indicates the most likely location of the roll vortices. Unlike
for the lower ABL flight leg, the spectral peak at the upper ABL
flight leg does not extend over the entire analyzed segment. The
available spectra over the segment show that the peak at the upper
ABL flight leg decreases and disappears south of about 44.96◦N.
Data from the dropsonde S3, released closest to the chosen
segment, are shown in Figure 4. According to the dropsonde, the
ABL height, determined as the base of the low-level temperature
inversion, is about 600m deep. However, the data measured by
the aircraft at the horizontal location of the dropsonde release
show that the potential temperature at 680m is lower than
that recorded by the dropsonde, which probably results from
the downwind drift of the dropsonde of approximately 8 km
(estimated form the drift of dropsondes S1 and S2, because S3
did not return GPS data) and the time difference between the
dropsonde release and the two ABL flight legs. This suggests
that the ABL height decreases downwind, which is unusual for
a cold-air outbreak and the development of a convective ABL
over the sea. The reason for this is the downslope nature of bora,
where the related dynamical subsidence manages to decrease
the convective ABL height farther than 100 km offshore (e.g.,
Grubišic´, 2004). The aircraft-measured potential temperatures at
the two lower flight legs on the chosen segment are almost equal
north of 44.96◦N, but there is a gradual increase in stability south
of 44.96◦N (Figure 5 and Table 1). This means that the inversion
base is most likely just above the upper ABL flight leg to the
north of 44.96◦N, and below to the south. The latter explains
the disappearance of the spectral peak at the upper ABL flight leg
south of 44.96◦N, since the aircraft is above the ABL there. Hence
we estimate the mean ABL height along the chosen segment as
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TABLE 1 | Seventh November 1999 flight legs.
Leg Time (UTC) Height (m ASL) Heading/comments θN/θS/θD (K) rN/rS/rD (g/kg)
1 1347–1420 4200 SE/6 dropsondes – –
2 1429–1501 680 NW/upper ABL leg 289.0/288.9/289.7 4.5/4.7/4.0
3 1504–1539 370 SE/lower ABL leg 289.0/288.5/288.3 4.6/4.9/4.5
The two lower flight legs are referred to as the upper and lower ABL leg. θ and r stand for the potential temperature and water vapor mixing ratio, while subscripts N, S and D denote
the northern (44.96–45.05◦N) and southern (44.90–44.96◦N) part of the segment chosen for the analysis, and the data from dropsonde S3 at the heights of the two lower flight legs,
respectively.
FIGURE 2 | (A) Raw u and v components of the wind velocity along the lower
ABL flight leg (370m ASL) over the Adriatic. The segment chosen for the
analysis of possible rolls (44.90–45.05◦N) is shown in red. (B) The three wind
components over the analyzed segment; shown are the raw and 120-m
moving-average smoothed data. A 5m s−1 offset has been added to w for
presentation purposes.
the height of the upper ABL flight leg, zi = 680m. This leads to
the roll aspect ratio of L/zi= 1.5, which is somewhat smaller than
those usually reported in the literature (e.g., Young et al., 2002).
The spatial structure of rolls yields specific phase relationships
between different wind components (e.g., Hein and Brown, 1988;
Alpers and Brummer, 1994). In an idealized system for vertically-
upright rolls, the expected phase angles are φ(v,w) = ± 90◦ near
the top and bottom, and φ(u,w) = ± 180◦ throughout (Chen
et al., 2001; Hein and Brown, 1988). LeMone and Pennell (1976)
also show that the longitudinal vortices can be tilted with height,
which leads to v and w being in phase in the middle of the roll
layer (alternatively, v and w could be 180 out of phase, if the tilt is
in the opposite direction). The v- (across-roll) component should
havemaximum amplitude at the top and bottom of the layer, with
w maximum near the middle of the roll layer.
Figures 6, 7 show the coherence and phase angle between
the two horizontal wind components and the vertical wind
component for our data at the two lower flight legs. The peak
in coherence at the wavelength of 1 km is present for v and w
at 680m (Figure 6) and for all combinations of components at
370m (Figure 7). At 370m, which is approximately in themiddle
of the roll layer, u and w are 180◦ out of phase as expected, since
u increases with height (Figure 4), while v and w are in phase
(Figure 7). This indicates that the rolls are tilted in the crosswind
direction. In accordance with the theory, the phase angle between
v and w changes to 90◦ at 680m (Figure 6), which is at the top of
the roll layer.
While the presented analysis indicates the existence of
organized structures with persistent updrafts in the bora ABL,
the fact that the related cloud streets have never been reported
still calls for an explanation. First, we can use the data from
dropsonde S3 (Figure 4) to estimate the lifting condensation level
(LCL), which is a reasonable predictor of convective cloud base
height. Applying the moistest possible ABL parcel with r = 5 g
kg−1, along with the surface temperature T = 288K and surface
pressure p = 1000 hPa, the LCL is above 1.5 km, which is
considerably greater than the ABL, and hence the roll, depth.
The dropsonde data also show that the relative humidity remains
close to 50% below 1.5 km, and then increases with height
reaching its maximum value of 83% between 2.5 and 2.8 km.
Such vertical distribution is consistent with the bora dynamics
and is caused by the descending dry air that is governed by a
large-amplitude or breaking mountain wave (e.g., Belušic´ and
Klaic´, 2006). The descending dry air usually influences a relatively
shallow layer in the lee that does not extend much above 2 km,
which is where the roll clouds would appear if sufficient moisture
was present. The descending dry air sometimes creates clear areas
even with preexisting deeper cloud layers (e.g., Grubišic´, 2004).
Discussion and Conclusion
Aircraft measurements of the bora wind above the Adriatic Sea
indicate the existence of horizontal roll vortices with horizontal
wavelength of 1 km. The characteristics of the rolls are shown to
agree with previous studies, although the wavelength of 1 km and
the corresponding roll aspect ratio (horizontal wavelength/ABL
height) of 1.5 are at the lower limit of the previous reports
(e.g., Etling and Brown, 1993). There are several specific bora
characteristics that could explain such small aspect ratio.
In a modeling study, Müller and Chlond (1996) showed that
removing liquid water formation reduces the broadening of
convective cells, leading to smaller aspect ratios. The majority
of previous studies of rolls, where the aspect ratio is usually
larger than two, are based on convective rolls that produced
cloud streets, i.e., where liquid water formation was present (e.g.,
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FIGURE 3 | Spatial structure of the weighted energy spectra k*S(k)
along the entire upper (A–C) and lower (D–F) ABL flight leg for u
(A,D), v (B,E) and w (C, F) wind components. The two white
horizontal dashed lines indicate the analyzed segment. A noticeable
increase in energy at the horizontal scale of approximately 1 km is
present in all plots around the latitude of 45◦N. The spectra are
calculated on overlapping subintervals of 512 data points (about 10 km
long) which slide by 103 data points (about 2 km), thus obtaining 100
spectra over the 216-km long flight legs. The y-axis values correspond
to the central latitudes of subintervals.
FIGURE 4 | Vertical profiles of the (A) longitudinal u and (B) transverse v wind components, (C) potential temperature θ and (D) mixing ratio r from the
dropsonde S3 released at (13.63◦E, 44.96◦N). Horizontal dotted lines denote the heights of the two lower flight legs (370 and 680m).
Miura, 1986). However, some studies based on radar or lidar
observations, or modeling, of cloud-free rolls report considerably
lower aspect ratios, sometimes as low as one (Kelly, 1984; Melfi
et al., 1985; Miura, 1986; Mayor et al., 2002). There are no cloud
streets in bora due to its downslope nature and the associated
advection of dry air to low levels, so the aspect ratio is expected
to be smaller. Additionally, it has been shown that the roll aspect
ratio increases in the downwind direction on average by about
1 per 110 km (Miura, 1986). The current bora measurements
were taken close to the coast, so larger aspect ratios could
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FIGURE 5 | Potential temperature at the two lower flight legs along the analyzed segment.
FIGURE 6 | Spectral coherence (top) and phase angle (bottom) between u and w (left) and v and w (right) wind components over the analyzed segment
(44.90–45.05◦N) at the upper ABL flight leg (680m).
be expected further offshore. Interestingly, Melfi et al. (1985)
found in their data that the cell sizes vary even when the PBL
height remains almost constant regardless of the downwind
distance.
While the evidence supports the presence of rolls, we cannot
totally eliminate the possibility that the rolls coexisted with lines
of cells (rolls+cells), as is commonly observed in clear-air radar
patterns (e.g., Weckwerth et al., 1997), or that we are sampling
random cells, although the last possibility is unlikely. The present
analysis and the common presence of rolls in other cold-air
outbreak studies suggests the presence of rolls or rolls+cells.
Also, the strong winds and surface buoyancy flux combined
with the unusually shallow ABL depth would likely put the
present case in the ABL depth/Obukhov length regime associated
with rolls+cells, or less likely, rolls, rather than pure cellular
convection (Grossman, 1982). Note that roll-cell patterns are
often referred to as rolls in the literature, because they produce
well-defined cloud lines if the updrafts on the crosswind sides of
the cells merge into clearly-defined bands of updraft air. Indeed,
careful analysis of roll+cell radar signatures by Weckwerth et al.
(1997) indicate strong two-dimensional signatures, justifying
this characterization. The structure could be verified with a
combination of cross-wind aircraft legs and legs at a small angle
to the expected roll direction, the latter revealing either long-
wavelength variation in wind direction (as in pure rolls), or, more
likely, superposed long wavelengths (rolls) and short wavelengths
(cells), as described for such structures being advected past a
tower in LeMone (1973).
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FIGURE 7 | As in Figure 6, except for the lower ABL flight leg (370m).
As shown by the running spectra (Figure 3), there is another
segment with possible occurrence of rolls located around
44.75◦N. However, we focus on the current segment because of
the clearest roll-like signatures. Rolls could be present elsewhere,
but their structure is masked—or modified—by the presence of
gravity waves generated in the shear layers above the PBL. Note
that the large shear above the PBL (Figure 4) is consistent with
gravity-wave generation. Furthermore, the spatial bora structure
in the along-coast direction is complex with several processes
interacting at different, although on occasions overlapping scales
(e.g., Signell et al., 2010). These processes result in the typical
bora jets and wakes and include gap flows, gravity waves, and
nonlinear processes such as wave breaking, hydraulic jumps,
and the resulting potential vorticity banners. As a result, there
are several other peaks in the crosswind wavenumber spectra
that may overlap with that of the rolls. This complexity also
hinders the determination of relevant scales for calculation of
turbulence fluxes, as discussed in Vecˇenaj et al. (2012). The
bora jets and wakes, while basically being cold-air outbreaks
resulting in a thermodynamically generated convective ABL over
the warmer sea, are also dynamically generated phenomena that
carry the signatures of their upstream generation mechanisms,
particularly gravity waves and the resultant downwind variation
of ABL height. Sampling such flow at a single distance from
the mountain range does not provide sufficient information for
analyzing all the effects of the ABL height and its development
on the occurrence of rolls. It is therefore difficult to generalize
the current results without additional measurements or high-
resolution numerical simulations.
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